Abstract. -The magnetic anisotropy of Co clusters with diameters ranging from 1.1 nm to 4.5 nm turns out to be significantly larger than in bulk and strongly increasing with decreasing cluster size. The dominating role of the surface can be used to modify the anisotropy by changing the electronic properties of the matrix surrounding the clusters. We find that capping the clusters by a metallic (Cu and Au) layer significantly enhances the anisotropy, thus also stabilizing the magnetization against thermal fluctuations. The observed anisotropy enhancement is attributed to the bonding of the Co 3d electrons to the conduction band of the capping layer, which depends on the electronic band structures of both metals.
Metal films and nanoparticles show fascinating size effects stemming from the electronic localization and the symmetry breaking at the surface. The large fraction of surface atoms in very thin Co films generates a strong magnetic anisotropy perpendicular to the film plane [1] , which results from the incomplete quenching and the anisotropy of their orbital magnetic moments m L [2] . A similarly enhanced anisotropy occurs in Co 2-d mono-atomic layer islands deposited on Pt [3] [4] [5] . Three-dimensional clusters consist of core atoms, with nearly bulk properties [6] , surrounded by a shell of surface atoms in direct contact with either vacuum or a matrix. The increase of the surface to volume ratio leads to the increase of the anisotropy constant K with decreasing cluster size [7] [8] [9] [10] .
For very small clusters, magnetic properties become dominated by the properties of surface atoms [9] . It is then logical that K is affected by the interaction of these atoms with their surroundings. This effect has been observed for thin films, whose anisotropy and magnetization depend strongly on the type of substrate on which they grow [11, 12] . For clusters, however, a clear-cut assessment of how the matrix modifies the anisotropy is still lacking, mainly because the disparity of preparation methods and substrates prevents a direct comparison.
In this letter, we show that a new family of Co granular layers might overcome this difficulty. The preparation method described below enables us to modify the interface between the clusters and their surroundings while keeping all the other structural and geometrical parameters constant. We have compared the magnetization dynamics and the anisotropy of clusters embedded in alumina with those of clusters capped by a thin noble metal (Cu or Au) layer. Capping leads to a significant enhancement of the surface anisotropy, being much larger for Au than for Cu. This phenomenon is attributed to the hybridization of the 3d electrons of surface Co atoms with the conduction bands of Cu or Au. Nanometer-sized Co clusters were prepared by sequential sputter deposition of Al 2 O 3 and Co layers on a Si substrate as described elsewhere [13, 14] . The Co layer forms spherical fcc metal clusters. Their average diameter D increases linearly with the thickness t Co that the deposits would have if they were continuous (see fig. 1 ). The size distribution has been determined from TEM and magnetic measurements. Results obtained by the two methods on samples prepared simultaneously agree very well (see the inset of fig. 1 ) [9, 13] . For the same t Co , different preparation runs lead to slightly different D values. The distribution is approximately Gaussian, with a rather narrow width σ (0.2-0.3)D. The analysis of EXAFS spectra reveals a contraction of the clusters' lattice similar to that observed for free clusters, suggesting strain to be weak. Within each layer, clusters are homogeneously dispersed, separated by a nearly constant distance of ∼ 2.2 nm. A fraction x para (< 0.4 in the present samples) of the deposited Co is not visible as clusters in TEM pictures. It is attributed to the presence of single atoms or very small clusters, made of two or three atoms, embedded in the Al 2 O 3 matrix. Capped clusters can be easily prepared by depositing a 1.5 nm thick layer of a noble metal M (Cu or Au) onto the preformed clusters. We do not expect the crystal structure and morphology of the clusters to be affected by the capping. In fact, D values agree well with those of clusters in alumina. In the case of Au [15] , we observe that magnetic properties are independent of the thickness of the capping layer, between 1.5 and 6 nm. Samples are usually made by piling up a number N of these Co/Al 2 O 3 or Co/M/Al 2 O 3 repetition units.
The ac susceptibility χ and magnetization M were measured using a commercial SQUID magnetometer. The diamagnetic signal from a bare silicon substrate was measured and adequately subtracted from all experimental data. The contribution of the x para fraction has been separated from that of the nanoparticles by studying high-field (B = 5 T) magnetization curves measured over a broad temperature range (1.8 K < T < 300 K) [9] . As shown in fig. 2 , it is completely negligible with respect to χ of the nanoparticles in the temperature region of interest. X-ray Magnetic Circular Dichroism (XMCD) experiments were performed on the same samples at relevant absorption edges: L 2,3 edges of Co, using total electron yield detection in normal incidence geometry to avoid self-absorption effects; K edges of Co and Cu and L 2,3 edges of Au, with total fluorescence yield detection in backscattering geometry.
The anisotropy determines the rate at which magnetic moments flip: K times the cluster volume V gives the energy barrier U for the thermally activated magnetization reversal. The relaxation time is given by Arrhenius' law
Quantitative information on U and K can be obtained from χ vs. T data, like those shown in fig. 2 . Deviations from the Curie-Weiss equilibrium behavior occur as T decreases since τ becomes exponentially longer. Near the so-called superparamagnetic blocking temperature T b , where the typical relaxation time becomes of order 1/ω, the in-phase susceptibility χ drops abruptly. The variation of T b with frequency, which follows also Arrhenius' law as shown in the inset of fig. 2 , provides then a direct measure of the anisotropy strength. In fig. 2 we compare χ and T b measured on clusters embedded in alumina or capped by either Cu or Au. The average cluster magnetic moments and the size distributions are very similar for the three samples (compare the susceptibilities measured above T b ). In spite of this, T b of the sample with Cu is about 40 % larger than that of the clusters embedded in alumina whereas for Au, T b increases by nearly a factor 3. Capping the clusters has the effect of increasing the effective U , stabilizing the magnetization against thermal fluctuations. A similar qualitative conclusion can be drawn from magnetization hysteresis loops measured in the frozen magnetic state (T < T b ), which are shown in fig. 3 . The capping makes the loops significantly broader: for D = 1.8 nm, the coercive field µ 0 H c increases from 50 mT for clusters in alumina to 73 mT for Cu-capped clusters and to 320 mT for Au-capped clusters. These data indicate that capping with a noble metal makes the clusters magnetically harder. The same trend is observed for samples with varying D. For D > 2 nm, measurements were performed on single layers to avoid dipolar inter-layer interactions [16] . In order to take into account the cluster's size distribution, we performed a scaling analysis [9] of the out-ofphase susceptibility χ . This component is nearly proportional to the distribution of U in a given sample. Knowing the distributions of D and U enables us to accurately determine the effective K. This method neglects the variation of K with temperature in the neighborhood of T b . This variation, which has been observed for magnetic nanoparticles [17] , is expected to be weak in the case of Co, whose Curie temperature is very high [18] . In fig. 4 we plot K of uncapped and capped clusters as a function of D. In agreement with previous results [9] , K largely exceeds the bulk value for fcc Co [18] and increases as D decreases. This size dependence indicates that K is enhanced at the cluster surface. Separation between surface and core atoms has proven useful to understand the electronic structure of Co and other fcc metal (Au, Pt) clusters [6] . Within this simple core-shell picture K is described by
where K surface refers to surface atoms, K bulk = 7 × 10 4 J/m 3 is the contribution arising from the bulk anisotropy of fcc Co [18] and f 1 − (1 − a/D) 3 , with a = 0.4 nm, is the fraction of surface atoms in a fcc cluster. For the smallest clusters (1 nm), nearly 80 % of the atoms (of order 55) lie at the cluster's interface with the surrounding matrix. This simple model (solid lines in fig. 4 ) enables us to get an estimate for K surface and to study how it is modified by the capping. For uncapped clusters, K surface 25K bulk . For Cu-capped clusters, K surface 40K bulk , i.e. about 60 % larger than for clusters in pure alumina, whereas capping with Au makes it almost three times larger (K surface ∼ 70K bulk ).
The dependence of K surface on the surrounding material is reminiscent of the behavior observed for thin Co films. Films sandwiched by Cu have a larger perpendicular surface anisotropy (of about 0.15(4) mJ/m 2 ) than uncapped Cu/Co films [19] . For Au/Co/Au films the anisotropy is even stronger, 0.6-0.7(3) mJ/m 2 [20, 21] , and dominates over the shape anisotropy for less than eleven atomic layers. The same qualitative trend is followed by the anisotropy per unit of surface (K surface − K bulk )Df /6 = 0.33, 0.53 and 0.97 mJ/m 2 (or, equivalently, 0.13, 0.21, and 0.38 meV per surface atom) that we obtain for clusters in alumina, capped by Cu and by Au, respectively. Clusters have different surface atomic sites (located at the corners, edges or face centers) that might have different electronic properties and interactions with the capping metal. These details could explain why the simple eq. (2) fails to quantitatively account for the size-dependent K of Au-capped clusters. Unfortunately, ab initio calculations of K have been performed for bare fcc Co clusters only [22] . Here we content ourselves with a qualitative analysis, in analogy with models developed for thin films. On the basis of ab initio electronic band calculations [23] [24] [25] , the anisotropy induced by the capping was attributed to the hybridization of the 3d electronic states of Co with the conduction band of Cu and Au. The out-of-plane Co d-orbitals overlap with the capping metal d-orbitals at the interface, broadening this band with respect to the band generated by the in-plane Co-Co bonds [25] . As a consequence the orbital moment component perpendicular to the interface increases. The magnetocrystalline anisotropy increases then, since it arises from the difference between the spin-orbit energies for the spin parallel and perpendicular to the particle surface. The fact that Au induces a larger anisotropy can be explained by the smaller difference between the energies of the unoccupied d-orbitals of Co and Au, which leads to a stronger bonding [23] .
This interpretation is supported by the XMCD data of fig. 5 . The presence of a noble-metal overlayer clearly increases the ratio between the L 3 and L 2 XMCD peaks of Co. Applying the XMCD sum rules, we find that the ratio m L /m S of orbital to spin magnetic moments increases from 0.13(1) for the uncapped clusters to 0.16(1) and 0.20(1) for, respectively, Cuand Au-capped clusters, all larger than the bulk 0.08(1) [26] and showing the same qualitative trend as the anisotropy. We refrain here from giving m L and m S values because the number n h of d-electron holes is not well known in nanoparticles and can depend on size. On the other hand, the ratio m L /m S is independent of n h . The value found for the Cu-capped sample agrees well with m L /m S = 0.16 (4) found Co clusters of similar size prepared in a copper matrix [27] . Interpolating data of Dürr et al. [28] for disk-like Co clusters supported on a Au(111) surface, we get m L /m S = 0.19(2) for clusters of 2000 atoms, also in very good agreement with our data. The agreement between data obtained for samples prepared by different methods suggests that the enhancement of the orbital magnetism by the capping is an intrinsic electronic effect associated with the interaction between Co and the noble metal layer. In addition, the enhancement seems to be larger in nanoparticles than in thin films. Indeed, m L /m S has been found to be ≤ 0.12 for both Cu/Co [26] and Au/Co/Au films [20] .
Despite the enhancement of the orbital magnetism, susceptibility and magnetization experiments (see figs. 2 and 3, and fig. 1 in [15] ) show that the net cluster magnetic moments remain virtually unaltered after capping, at least within a few percent. This result vividly contrasts with the quenching of magnetism observed in Co clusters prepared by co-depositing Co and a Cu matrix [29] . A plausible explanation is that our method prevents the intermixing and alloying of Co and Cu, which is known to cause a significant reduction of the Co magnetic moments [29, 30] .
Evidences for the hybridization at the interface are also provided by absorption spectra of Cu and Au, which show XMCD signals near their K and L 3 absorption edges, respectively. Their signs show that the s-p and d bands of Cu and Au, respectively, are ferromagnetically polarized by the corresponding electrons of Co. The polarization of the Cu s-p band, of order 0.02µ B per atom [31] , is similar to that observed in Co/Cu multilayers [32] . For the 5d Au electrons, we find m L /m S = 0.20 (2) , which is of the same sign but somewhat larger than the value m L /m S = 0.12 (2) found in the case of Au/Co/Au multilayers [33] . Again, this polarization does not appreciably change the effective magnetic moment per particle but probably plays an important role in determining the anisotropy.
Polarization of Au and Cu electronic spins by Co can also mediate RKKY interactions between neighbor magnetic particles [29] . We may argue, however, that interactions are not the dominant source of the observed anisotropy enhancement. The correlation we observe between K and m L is typical of systems with strong surface anisotropy [2, 3, 20, 25] . The size-dependence of τ 0 and of the Weiss temperature, determined by fitting Curie-Weiss' law to the equilibrium χ, suggest that interaction effects become stronger with increasing size, whereas capping effects on K become larger for smaller particles (fig. 4) . Furthermore, the contribution of interactions to U can be suppressed by applying relatively weak magnetic fields [34, 35] . By contrast, hysteresis loops ( fig. 3 ) and χ data show that the anisotropy enhancement persists under external magnetic fields. Finally, Cu is expected to give rise to stronger interactions than Au [36] , again in contradiction with the stronger anisotropy found for Au-capped clusters.
Concluding, despite the important differences in morphology that exist between twodimensional films or disks and fcc clusters, the anisotropic bonding to a noble metal overlayer leads to qualitatively the same effect. This suggests that the anisotropy is mainly determined by the electronic states of the two metals [23] . Therefore, we expect that the interface anisotropy could be tuned by choosing materials with appropriate electronic band structures. * * * We are grateful to J. Carrey and J.-L. Maurice for the TEM studies and to A. Vaurès for help in the sample preparation. This work has been partly funded by grants MAT05−1272 and MAT05 − 02454 from MEC, and PM-011, IMANA, and CAMRADS from DGA.
